A new, clean, and efficient protocol is described for the hydrothiolation of terminal alkynes promoted by KF/Al2O3, using glycerol as recyclable solvent. This improved method furnishes selectively the corresponding anti-Markovnikov vinyl sulfides in good to excellent yields starting from terminal alkynes and aliphatic or aromatic thiols. The irradiation with microwaves facilitated the procedure and accelerates the reaction. The catalytic system and the glycerol can be re-used up to four times without previous treatment, and with comparable activity.
Introduction
Vinyl sulfides are present in natural occurring compounds such as griseoviridin and benzylthiocredillidone, with important biological activities.
1, 2 The first compound is a type A streptogramin antibiotic, firstly isolated from Streptomyces graminofaciens, 1 while benzylthiocredillidone is a yellow pigment isolated from the brightly red colored sponge Crella spinulata. 2 Besides, vinyl sulfides are a very useful tool in organic reactions, acting as key intermediate in organic synthesis. 3 Various methods are described for the preparation of vinyl sulfides and the most common protocols involve the addition of thiol, or the respective anions, to terminal or internal alkynes.
4-10 Most of the described methods make use of toxic organic solvents and are catalyzed by transition-metals 4 or promoted by base. 5 More recently, some improvements on selective preparation of vinyl sulfides have been described. [6] [7] [8] [9] [10] [11] These comprise the use of catalytic phenylselenenyl bromide, 6 nickel, 7 gold 8 or native silica nanoparticle 9 under solvent-free conditions, -cyclodextrin in the presence of water and acetone 10 or under catalystfree conditions. 11 In recent years, the use of potassium fluoride supported on alumina (KF/Al2O3) as a green catalytic system for a number of transformations has been increased. 12 By using KF/Al2O3, the products can be easily isolated by filtration and the generation of large amounts of 19, 20 and asymmetrical reduction. 19 More recently, we have described several efficient approaches using KF/Al2O3. 22, 23 As a continuation of our studies we report herein the full results of the hydrothiolation of alkynes 1 using KF/Al2O3 without any solvent (Method A), 22 as well as the use of glycerol as recyclable solvent for this reaction (Scheme 1).
Method A, B or C Scheme 1
Results and Discussion
In a recent communication, we described the optimum conditions to perform the solvent-free hydrothiolation of several alkynes using KF/Al2O3 as solid catalyst. 22 It was found that the best conditions for the hydrothiolation consists in stirring a mixture of 1a (2 mmol) and 2a (1 mmol) in presence of 0.08g (51 mol%) of KF/Al2O3 (40%) at gently heating (60 ˚C) and under N2 atmosphere, (Table 1, entry 1) .
Despite the good yields and generality of the solvent-free protocol described above, the method is restricted to thiols and/or alkynes that are liquid at room temperature or with low melting points. To circumvent this limitation, but maintaining our focal point, i.e., a cleaner procedure for the hydrothiolation, we decide to expand the studies using of a recyclable solvent. Thus, glycerol, a renewable feed-stock which is easily available as a co-product in biodiesel production, was studied as a solvent in this reaction (Method B, Table 1 ). The best yields were obtained when a mixture of the alkyne 1 (1.0 mmol) and the thiol 2 (1.0 mmol) and KF/Al2O3 (40%, 0.08 g) in glycerol (3 mL), was vigorously stirred at 90 °C for 2-6 hours (Method B, Table  1 ). Thus, by using glycerol as solvent, benzenethiol 2a reacted with propargyl alcohol 1a to afford the respective adduct 3b in 80% yield after stirring at 90 °C for 2 hours, a 25% increasing in yield, compared with the solvent-free protocol (Table 1, entries 1 and 2). This augmentation in yield was observed for all the tested examples, indicating that glycerol is a very good solvent for this reaction. Aiming to reduce the reaction time, the mixture in glycerol was irradiated with focused microwaves at the same temperature (90 °C, Method C). It was observed complete consume of thiol 1a after irradiation for 10 min and 3a was obtained in 95% yield (Table 1, 22 The experiments were performed at 60
The experiments were performed at 90 o C using glycerol (3 mL/mmol) as solvent. Method C: The experiments were performed using glycerol and MW at 90 ºC.
b Determined by 1 H NMR of the crude reaction mixture and confirmed after isolation of the mixture of formed isomers.
c Yields of the mixture of isomers obtained by column chromatography eluting with hexanes 3h-3i or with hexane/ethyl acetate 3a-3g (98:2).
d The regioselectivity of the hydrothiolation (the ratio of anti-Markovnikov to Markovnikov adducts).
Concerning the stereochemistry of products, for all the studied examples, the antiMarkovnikov adduct 3 were obtained in higher amount than the Markovnikov one. The results depicted in Table shown that glycerol was an excellent solvent, affording the vinyl sulfides in better yields and with a very good selectivity for the anti-Markovnikov adducts, compared to the solvent-free protocol. This higher selectivity is evident for the alkynes 1a and 1d (Table 1 , entries 1, 3, 4, 6, 19 and 21).
To check the efficacy of this method, a reuse study of the glycerol/KF/Al2O3 medium was carried out for the model reaction involving propargyl alcohol 1a and benzenethiol 2a. After completion of the hydrothiolation of 1a, the product was extracted simply by washing the reaction mixture with three portions of hexanes. The remained lower phase containing glycerol/KF/Al2O3 was then recovered, dried under vacuum and reused for further reactions. Fortunately, the catalytic system maintained a good level of efficiency after being reused by five times (95%, 94%, 90%, 89% and 80% yield of 3a). However, after the fifth reuse, the catalytic system loose drastically its activity, affording 3a in only 53% and 42% yields after successive cycles.
A tentative mechanism for explaining the regiochemistry of the hydrothiolation is depicted in Scheme 2. The formation of the Markovnikov adduct starting from propargyl alcohols suggests that the transition state 5 can be involved, while the formation of the anti-Markovnikov adduct involves the intermediate 4. This proposition is corroborated by the increasing in the ratio anti-Markovnikov: Markovnikov adduct when glycerol is used as solvent, via a transition state like 4b. 
Conclusions
In summary, an efficient and clean protocol was developed for the selective synthesis of vinyl sulfides using KF/Al2O3 and glycerol as recyclable solvent. The reaction proceeds easily and the products were obtained in good to excellent yields. Glycerol was successfully used as a renewable, non-toxic, and recyclable solvent, opening new possibilities for future applications of glycerol in green and sustainable chemistry. The procedure is very simple and the solvent/catalyst system can be directly re-used. The use of microwaves accelerates the reaction with comparable yields in most of examples. Applications of glycerol in other organic reactions are ongoing in our laboratory.
General.
The 1 H-and 13 C-NMR spectra of CDCl3 solutions were recorded with a 200 MHz or a 400 MHz spectrometer (Bruker DPX), as noted. Spectra were recorded in CDCl3 solutions. Chemical shifts are reported in ppm, referenced to the solvent peak of CDCl3 (for 13 C spectra) or tetramethylsilane (TMS, for 1 H) as the internal reference. Data are reported as follows: chemical shift (δ), multiplicity, coupling constant (J) in Hertz and peak intensity. Low Resolution Mass Spectra (LRMS, EI) were obtained at 70 eV with a Hewlett Packard EM/CG HP-5988A spectrometer. High-Resolution Mass Spectra: HR-ESI-MS were performed in the positive mode (UltrOTOF-Q system, version 1.10, Bruker Daltonics, MA, USA). Merck's silica gel (230-400 mesh) was used for flash chromatography. All microwave tests were conducted using a CEM Discover, mode operating systems working at 2.45 GHz, with a power programmable from 1 to 300 W. General preparation of alumina-supported potassium fluoride. [22] [23] [24] To a 100 mL beaker was added alumina (6.0 g of Al2O3 90, 0.063-0.200 mm, Merck), KF.2H2O (5.2 g) and water (10 mL). The suspension was stirred for 1 h at 65 °C, dried at 80 °C for 1 h and for an additional 4 h at 300 °C in an oven and then cooled in a desiccator. The content of KF is about 40% (m/m).
General procedure for the synthesis of vinyl sulfides 3 Method A. 22 To a mixture of appropriate alkyne 1 (2 mmol) and thiol 2 (1 mmol) under N2 atmosphere, KF/Al2O3 (0.08g, obtained as described above) was added at room temperature. Then, the temperature was slowly raised to 60 °C. The reaction progress was followed by TLC. After consuming the starting materials (see Table 1 ), the crude product was filtered off the solid supported catalyst by washing with ethyl acetate (10 mL). The solvent was evaporated under reduced pressure and the residue was purified by column chromatography over silica gel eluting with hexanes 3h-3i or with hexane/ethyl acetate 3a-3g (98:2), yielding the products, according Table 1 . Method B. To a mixture of appropriate alkyne 1 (1 mmol) and thiol 2 (1 mmol) in glycerol (3 mL) under stirring and N2 atmosphere, was added KF/Al2O3 (0.08 g) at room temperature. Then, the temperature was slowly raised to 90 °C. The reaction progress was followed by TLC. After consuming the starting materials (see Table 1 ), the product was extracted from the glycerol by washing the mixture with hexanes (3  5 mL). The hexanes were evaporated under reduced pressure and the residue was purified according to that described in Method A. Method C. To a mixture of appropriate alkyne 1 (1 mmol) and thiol 2 (1 mmol) in glycerol (3 mL) under stirring and N2 atmosphere, was added KF/Al2O3 (0.08 g) at room temperature in a 10 mL glass tube. The vessel was then sealed with a septum, placed into the microwave cavity and irradiated with stirring at 90 o C for the time given in Table 1 . After allowing the mixture to cool to room temperature, the reaction vessel was opened and the product was purified according to described in Method A. The remaining mixture of glycerol and KF/Al2O3 was re-used up to 7 times by the simple addition of more thiol and alkyne to the remaining mixture in the reaction vessel. Spectral data of vinyl sulfides prepared are listed below. -2-en-1-ol (3a) . 25 3-(4-Chlorophenylthio)prop-2-en-1-ol (3b) . 1 4-(Phenylthio)but-3-en-1-ol (3f) . 28 
3-(Phenylthio)prop

